Introduction
============

As the proliferation of cancer cells is rapid, tumours quickly outgrow their blood supply resulting in a hypoxic environment. Hypoxia is an almost universal hallmark of solid tumours;^[@cit1]^ the ability to adapt to hypoxic environments is crucial to their growth and survival^[@cit2],[@cit3]^ and may therefore be exploitable in cancer therapy.^[@cit4]^ In the main, this adaption is mediated by transcriptional activation of genes that facilitate short-term adaptive mechanisms (*e.g.* increased vascular permeability, vasodilatation, glucose transport, switch to anaerobic metabolism), as well as long-term adaptive mechanisms (*e.g.* angiogenesis).^[@cit5]--[@cit8]^ This co-ordinated homeostatic response is mediated in large part through the activation of the transcription factor hypoxia-inducible factor (HIF). HIF is responsible for activation/transcription of \>100 genes which are required in order for cellular adaptation to hypoxia including oncogenes and inactivation of tumor suppressor genes. There are three isoforms of HIF: HIF-1, HIF-2 and HIF-3.^[@cit9]^ Although the exact role of each isoform is not fully established, HIF-1 is considered to act as the primary messenger to activate transcriptional responses to hypoxia. HIF-1 is a promiscuous heterodimeric transcription factor; composed of an α subunit and a β subunit.^[@cit10]^ HIF-1 activity in tumors is dependent upon the availability of the HIF-1α subunit, the levels of which increase under hypoxic conditions. The link between HIF-1 and cancer was established by immunohistochemical analysis of human cancer biopsies, with levels of HIF-1α increased in cancerous relative to normal tissue.^[@cit11]^ Clinical data has also linked high levels of HIF-1α with resistance to some therapies, poor prognosis in malignancies and increased mortality.^[@cit12],[@cit13]^ Experimental data has complemented clinical data, showing that in the absence of HIF-1α there is decreased tumour growth, vascularization and metastasis,^[@cit14]^ whereas, the opposite prevails when HIF-1α is over expressed, thus highlighting a causal relationship between HIF-1α and cancer progression.^[@cit8],[@cit15],[@cit16]^

The β subunit of HIF-1 (sometimes known as aryl hydrocarbon receptor nuclear translocator, ARNT) is constitutively expressed in the nucleus whereas the stability, subcellular localization and transcriptional potency of the α subunit is regulated by oxygen dependent post-translational modifications and therefore oxygen concentration.^[@cit4]^ HIF-1α is continuously expressed at a low level in the cell, but under normoxic conditions is rapidly degraded, most prominently by the hydroxylation of two proline residues by oxygen reliant HIF-prolyl hydroxylases (PHDs).^[@cit2],[@cit17],[@cit18]^ resulting in binding of von Hippel--Lindau tumor suppressor (pVHL), the recruitment of an E3 ligase complex and ubiquitin-mediated proteasomal degradation ([Fig. 1a](#fig1){ref-type="fig"}).^[@cit9]^ Due to the rapid nature of this process HIF-1α has a half-life of less than 5 minutes under normoxic conditions, resulting in no detectable protein in normoxic cells.^[@cit19]^ Although most prominent, the pVHL pathway is not the only pathway controlling levels of HIF-1α. A further mechanism for HIF-1α regulation is through recruitment of the human double minute 2 (*h*DM2) ubiquitin-protein ligase resulting in interaction with the tumor suppressor p53 and ultimately proteasomal degradation.^[@cit20]^ In addition, Hsp90 interacts directly with HIF-1α and has been suggested to promote a conformational change in HIF-1α, which leads to inhibition of the dimerization with HIF-1β.^[@cit21]^

![(a) Schematic depicting HIF pathway under normoxic and hypoxic conditions. HIF-1α -- hypoxia inducible factor 1α, HIF-1β -- hypoxia inducible factor 1β, PHD -- prolyl hydroxylase domain, HRE -- hypoxic response element (b) domain structure of HIF-1α. bHLH -- basic helix-loop-helix, PAS -- per ARNT-AHR-Sim, ODDD -- oxygen-dependent degradation domain, NTAD -- N-terminal transactivation domain, CTAD -- C-terminal transactivation domain (c) domain structures of HIF-1β (d) domain structure of p300/CBP.](c7sc00388a-f1){#fig1}

Under hypoxic conditions there is a decreased rate of HIF-1α degradation; it accumulates, translocates to the nucleus and forms a heterodimer with HIF-1β where it engages in PPIs with transcriptional co-activators, such as the CH1 domain of p300.^[@cit22],[@cit23]^ The HIF-1α/p300 interaction is abrogated under normoxic conditions in an additional oxygen-dependent process through hydroxylation of Asn803, located within the C-TAD of HIF-1α. Hydroxylation of Asn803 is mediated by an asparaginyl hydroxylase known as factor inhibiting HIF-1 (FIH-1), preventing interaction of HIF-1α with the CH1 domain of p300 ([Fig. 1a](#fig1){ref-type="fig"}).^[@cit24]^ The HIF-1 dimer/p300 complex binds to hypoxic response elements (HRE) on DNA and causes a plethora of downstream events *via* transcription mediation ([Fig. 1a](#fig1){ref-type="fig"}).^[@cit25]^ Hypoxic response elements have many roles in normal and cancer biology including: the promotion of angiogenesis,^[@cit26]^ stem cell maintenance,^[@cit27]^ metabolic reprogramming,^[@cit28]^ autocrine growth factor signalling,^[@cit29]^ metastasis^[@cit30]^ and providing a mechanism of resistance to radiation and chemotherapy.^[@cit31]^ It is thus unsurprising that there are many potential molecular mechanisms to inhibit HIF activity, including decreasing mRNA levels, decreasing protein synthesis, increasing degradation, inhibiting protein--protein interactions (PPIs) of HIF, inhibiting the HIF/DNA interaction and decreasing the transcriptional activity of HIF.^[@cit31]^ The near universality of hypoxia in human tumors and the centrality of the non-redundant HIF pathway in adapting to the hypoxic environment suggest that inhibition of the HIF pathway could reduce angiogenesis thereby contributing directly to tumour cell death^[@cit32]^ and may have therapeutic antitumor utility.

This review will outline efforts to develop inhibitors of HIF function with an emphasis on targeting the numerous protein--protein interactions of the HIF transcription factor. Consequently the article begins with an overview of HIF structure. For clarity, a brief overview of indirect methods to target HIF function is given, before a more extended discussion of the various approaches taken to develop inhibitors of HIF protein--protein interactions. The majority of the review focusses on HIF-1, however a number of highly significant recent articles on HIF-2 are included to highlight the power of various different ligand discovery approaches in modulating HIF biology.

Structural biology of the HIF family
====================================

The number of HIF structures has significantly increased in recent years allowing the structural biology of HIF to be explored ([Table 1](#tab1){ref-type="table"}).

###### Summary of the currently available HIF structures

  Structure                                                          Structure detail                                          PDB ID                         Ref.
  ------------------------------------------------------------------ --------------------------------------------------------- ------------------------------ ----------
  HIF dimers                                                         HIF-1α/ARNT                                               4H6J                           [@cit33]
  HIF-2α/ARNT/co-activator complex                                   4PKY                                                      [@cit34]                       
  HIF-2α/ARNT complex                                                3F1P                                                      [@cit35]                       
  HIF-2α/ARNT complex with an artificial ligand bound                3F10                                                      [@cit35]                       
  HIF-2α/ARNT complex with a benzoxadiazole ligand bound             4GS9, ; 4GHI                                              [@cit36]                       
  HIF-2α--ARNT bound to PT2399                                       5UFP                                                      [@cit38]                       
  HIF-2α--ARNT bound to PT2385                                       5TBM                                                      [@cit39]                       
  HIF-2α--ARNT PAS domain bound to tetrazole containing antagonist   4ZPK                                                      [@cit40]                       
  HIF-2α--ARNT complex bound to proflavin                            4ZPH                                                      [@cit40]                       
  HIF-2α--ARNT complex with HRE DNA                                  4ZPR                                                      [@cit40]                       
  HIF-2α--ARNT bound to benzoxadiazole antagonist                    4ZQD                                                      [@cit40]                       
  HIF-2α--ARNT bound to THS017                                       3H7W, ; 3H82                                              [@cit41]                       
  HIF-2α--ARNT complex with ethylene glycol                          3F1N                                                      [@cit35]                       
  HIF--FIH complexes                                                 FIH in complex with HIF-1α                                1H2K, ; 1H2L, ; 1H2M           [@cit42]
  FIH (D201E) complex with HIF-1α and α-ketoglutarate                5JWP                                                      [@cit43]                       
  3D8C, ; 2ILM                                                       [@cit44]                                                                                 
  HIF--PHD complexes                                                 PHD2 in complex with 2OG and HIF-1α CODD                  5L9B, ; 5L9V, ; 5LA9, ; 5LAS   [@cit45]
  PHD2 in complex with NOG and HIF-1α                                3HQR                                                      [@cit133]                      
  vHL--HIF complexes                                                 vHL/elongin/B-elongin/C-elongin complex bound to HIF-1α   4AJY                           [@cit46]
  1LQB                                                               [@cit47]                                                                                 
  1LM8                                                               [@cit48]                                                                                 

HIF-1 is a heterodimer consisting of two subunits; an oxygen-sensitive HIF-1α subunit and a constitutively expressed HIF-1β subunit, both subunits are members of the basic helix-loop-helix (bHLH) proteins of the PER-ARNT-single-minded protein (SIM) (PAS) family of transcription factors ([Fig. 1b](#fig1){ref-type="fig"}).^[@cit49]^ The regulation of HIF-1α is dependent on the oxygen dependent degradation domain (ODDD -- the region upon which PHDs act) and two transactivation domains: the N-terminal transactivation domain or N-TAD and the C-terminal transactivation domain or C-TAD ([Fig. 1b](#fig1){ref-type="fig"}, for domain structure of HIF-1β see [Fig. 1c](#fig1){ref-type="fig"}).^[@cit50]^ The C-TAD is involved in modulating the transcriptional activation of HIF-1α under hypoxic conditions, in contrast to the N-TAD, which is involved in the stabilisation of HIF-1α. The N terminal region of HIF has a basic helix-loop-helix (HLH) domain and enables binding of HIF to the hypoxia response elements (HRE).

As previously discussed, HIF-1 is a heterodimer of HIF-1α and HIF-1β (aka ARNT) but there are 2 other α isoforms, known as HIF-2α and HIF-3α. Whilst both can form dimers with HIF-1β, HIF-3α lacks the ability to bind the co-activator protein and thus is inactive.^[@cit51]^ When HIF-2α and HIF-3α form complexes with HIF-1β they are known as HIF-2 and HIF-3 respectively and have been reported to be expressed in different amounts in different tissues.^[@cit52],[@cit53]^ Dimerization occurs through a bHLH domain and 2 per-ARNT-AHR-Sim (PAS) domains on both the HIF-1α subunit and the HIF-1β subunit (*e.g.* [Fig. 2a](#fig2){ref-type="fig"}).^[@cit54],[@cit55]^ PAS domains are implicated in protein--protein interactions in other systems and adopt a range of diverse homo/heterodimerization binding modes.^[@cit56]^ It is also thought that coiled coil co-activators play a role in HIF α/β dimerization.

![(a) Structure of the heterodimeric HIF-1α: ARNT PAS-B complex excised from its ternary complex with DNA (one subunit cyan, one forest green) PDB ID: 4ZPR (b) (i) NMR structure of complex between HIF-1α CTAD (cyan) and p300 CH1 domain (forest green) PDB ID: ; 1L8C (ii) primary sequence of HIF-1α CTAD with helical regions indicated.](c7sc00388a-f2){#fig2}

The co-activator protein p300/CBP is thought to control gene expression by relaxation of the chromatin structure at the gene promoter *via* intrinsic histone acetyltransferase activity; it also recruits basal transcriptional machinery including RNA polymerase to the promoter.^[@cit57]^ The multidomain proteins p300 and CBP are very similar in structure, they consist of key domains ([Fig. 1d](#fig1){ref-type="fig"}) including; the nuclear interaction domain (Nu), the CREB and MYB interaction domain (KIX), cysteine/histidine regions (CH/TAZ), a histone acetyltransferase domain (HAT) and a bromodomain (Br).^[@cit58]^ The CH1 domain (sometimes known as transcriptional adapter zinc-binding (TAZ)1 domain of p300)^[@cit59]^ of each protein interacts with the CTAD of HIF-1α. The CH1 domain is also the binding site for the CREB-binding protein/p300-interacting transactivator with ED-rich tail (CITED) family of proteins which can compete with HIF-1α.^[@cit60],[@cit61]^ In this review the majority of the discussion centres upon the CH1 domain which for p300 and CBP differs by only 5 amino acids; for clarity we will refer only to p300.

To date, no X-ray crystal structure of the HIF-1α/p300 complex has been reported. The interaction between the CH1 domain of p300 and the C-TAD of HIF-1α was solved by using multidimensional NMR methods ([Fig. 2b](#fig2){ref-type="fig"}, PDB: ; 1L8C, ; 1L3E).^[@cit62],[@cit63]^ The p300 CH1 domain forms a rigid structure consisting of 4 helices constrained and stabilised by binding 3 zinc atoms. The HIF-1α CTAD is thought to be unstructured in the absence of p300; upon binding, HIF-1α forms three helical regions which mediate the interaction between the two proteins. Biochemical and biophysical studies have highlighted key regions of HIF-1α (helix 2 and helix 3)^[@cit64],[@cit65]^ that interact with the CH1 domain of p300 by hydrophobic or polar interactions. Mutational studies have indicated the key binding residues of HIF-1α. Cys~800~ ^[@cit66],[@cit67]^ and Asn~803~ (a substrate for FIH discussed earlier)^[@cit24],[@cit62]^ located in helix 2 have been highlighted as key binding residues in a range of assays, however these two residues are polar which is unusual for PPI hotspots. Helix 3 contains 3 key hydrophobic binding residues, Leu~818~, Leu~822~ and Val~825~.^[@cit67],[@cit68]^ Asp~823~ and Gln~824~ have also been suggested to represent important residues.^[@cit69],[@cit70]^ On p300 Leu-344, Leu-345 have been identified as important residues^[@cit67]^ whilst a separate study identified His~20~, Leu~47~, Ile~71~ as being important with the last of these the most significant.^[@cit65]^

In addition to p300 which recognises HIF-1α, co-activators can also bind to the other subunit of the HIF complex *i.e.* HIF-1β/ARNT; HIF complexes utilize several co-activator proteins including thyroid hormone receptor interacting protein 230 (TRIP230),^[@cit71]^ coiled-coil coactivator (CoCoA),^[@cit72]^ and transforming acidic coiled-coil 3 (TACC3)^[@cit73]^ at different promoters. Whereas inhibition of HIF-1α/p300 represents a specific means to attenuate HIF-1α function, the fact that HIF-1β is constitutively expressed renders the inhibition of HIF-1β/coiled-coil coactivator interactions amenable to modulation of all HIF complexes.

There are many different pathways for HIF stabilisation and increased activity in hypoxic environments. HIF is involved in many signalling pathways meaning there are multiple potential targets for small molecule intervention (available structures are summarised in [Table 1](#tab1){ref-type="table"}). HIF inhibitors can be broadly classified by their mechanism of action. Although, one common denominator of most, if not all, HIF inhibitors identified until recently is a lack of specificity, indicative of hitting multiple targets and pathways; HIF inhibition cannot be easily separated from other activities exerted by these agents. This means that mechanism of action can be difficult to decipher and is compounded by the fact that many known inhibitors were discovered through cell-based screening, which offers little information regarding the mechanism of action. The five means by which HIF can be modulated are: HIF mRNA expression, HIF protein translation, HIF protein degradation, HIF DNA binding and HIF transcriptional activity.

Overview of indirect HIF modulation
===================================

HIF-1α mRNA expression
----------------------

It has been suggested that, under hypoxic conditions, levels of HIF-1α mRNA may be a limiting factor affecting the rate of HIF-1α protein translation.^[@cit74]^ Molecule EZN-2698 is an RNA modulator, which is composed of a third-generation oligonucleotide; a technology that specifically binds and inhibits the expression of HIF-1α mRNA. It has shown potent (IC~50~ = 1--5 nM) and selective inhibition of HIF-1α mRNA and protein expression in both normoxia and hypoxia. Mice models demonstrated dose-dependent and highly potent down regulation of endogenous HIF-1α and VEGF in the liver. Tumor reduction was found in nude mice implanted with DU-145 human prostate cancer cells treated with EZN-2968.^[@cit75]^ This indicated inhibition of HIF-1α mRNA has potential as a target for cancer therapy.

HIF-1α protein translation
--------------------------

Several agents have been described that may affect the rate of HIF-1α protein synthesis. One such agent is topotecan ([Fig. 3a](#fig3){ref-type="fig"}), an FDA approved drug currently used as a second line therapy for patients with small cell lung or ovarian cancer. Topotecan works by inhibiting topoisomerase I, ultimately abrogating HIF-1α translation.^[@cit76]^ Recently, it has been shown that administration of daily topotecan in combination with the anti-VEGF antibody bevacizumab exerts synergistic antitumour activity in xenograft models, providing a rationale for clinical development of this combination strategy.^[@cit77]^ Other topoisomerase 1 inhibitors have been developed, including EZN-2208 ([Fig. 3a](#fig3){ref-type="fig"}).^[@cit78]^ EZN-2208 has better pharmacokinetic properties and a longer half-life than topotecan, making it more suitable for chronic suppression of the HIF-1 pathway. Other agents and targets that affect HIF-1α protein translation include; digoxin, a cardiac glycoside, which inhibits the translation of HIF-1α by an mTOR-independent mechanism,^[@cit79]^ and PX-478, an agent that potentially inhibits HIF-1α translation through multiple mechanisms, although none have been confirmed.^[@cit80]^

![Modulators of the HIF pathway (a) topotecan and derivative EZN-2208 (b) 2-oxoglutarate (c) DMOG and oxalyl glycine (d) FG-2216 (e) roxadustat (f) geldanamycin (g) ganetespib (h) X-ray crystal structure of a hydroxyproline derived inhibitor (orange) bound to pVHL (cyan), PDB ID: 3zrc (i) optimised hydroxyproline derived pVHL inhibitor VH298 (j) echinomycin (k) DNA sequence specific polyamide (l) bortezomib.](c7sc00388a-f3){#fig3}

HIF-1α degradation pathway
--------------------------

Since the oxygen dependent hydroxylation of HIF-1α is required for its degradation, inhibition of the PHD enzymes responsible for said hydroxylation provides an attractive target for therapeutic intervention. Several inhibitors of PHD2 have been reported and entered clinical trials, this area has recently been reviewed elsewhere and so will not be covered in detail here.^[@cit81]^ Perhaps the most commonly used PHD2 inhibitor in cell culture experiments is dimethyloxalyl glycine (DMOG) which acts as a prodrug for *N*-oxalylglycine ([Fig. 3c](#fig3){ref-type="fig"}).^[@cit82]^ *N*-Oxalylglycine acts as a competitive inhibitor of the co-factor oxoglutarate ([Fig. 3b](#fig3){ref-type="fig"}) which is crucial for PHD enzymatic turnover.^[@cit83]^ Whilst DMOG is a useful research tool and serves as a proof of principle for PHD inhibition it also inhibits many other 2OG oxygenases. Early derivatives of oxalyl glycine were able to yield some selectivity between PHD2 and FIH.^[@cit84]^ Subsequently medicinal chemistry and structural biology efforts have yielded a range of clinical candidates including FG-2216 ([@cit85]) and Roxadustat ([Fig. 3d and e](#fig3){ref-type="fig"}).^[@cit86]^ Whilst many of these compounds are 2-oxoglutarate co-factor competitors, as the structural details are elucidated the development of HIF competitive PPI inhibitors may provide an exciting avenue of research.^[@cit45]^

Heat shock protein 90 (Hsp90) is a molecular chaperone that controls the folding and regulates the function of many proteins, including receptor tyrosine kinases, serine/threonine kinases, transcription factors and activated oncoproteins.^[@cit87]^ Disruption of Hsp90 function has been shown to promote HIF-1α degradation *via* a novel, oxygen-independent E3 ubiquitin ligase and diminishes HIF-1α transcriptional activity.^[@cit88]^ HIF-1α heterodimers may also not acquire the proper conformation and therefore fail to recruit cofactors important for HIF-1-mediated transcriptional activity.^[@cit89]^ The first Hsp90 inhibitor was the natural product, geldanamycin ([Fig. 3e](#fig3){ref-type="fig"}),^[@cit88]^ which exerted its inhibitory activity by competing with the ATP binding site. Another Hsp90 inhibitor, ganetespib ([Fig. 3f](#fig3){ref-type="fig"}), with enhanced drug-likeness compared to geldanamycin, has been shown to induce HIF-1α degradation *in vivo* in a triple-negative breast cancer model^[@cit90]^ and is currently in phase III clinical trials (ClinicalTrials.gov Identifier: NCT01798485).

Considerable efforts have been made to identify inhibitors of the protein--protein interaction between HIF-1α and pVHL. Using fragment based approaches a hydroxyproline based fragment was identified that could be grown into μM inhibitors.^[@cit91],[@cit92]^ Crystal structures of these ligands ([Fig. 3h](#fig3){ref-type="fig"})^[@cit91],[@cit93]^ have enabled structure based improvement to yield ligands with nM affinity for pVHL and more recently cell-permeable analogues that represent ideal chemical probes ([Fig. 3i](#fig3){ref-type="fig"}).^[@cit94]^ pVHL ligands have also proven useful during the development of PROTACs.^[@cit95]^

HIF-1 binding to DNA
--------------------

Inhibition of HIF-1 DNA binding to the hypoxia responsive element (HRE); a step required for transcription induction, is also a potential mechanism by which small molecules may inhibit HIF-1 activity. Proof of principle for this approach has been established using a cyclic peptide, echinomycin ([Fig. 3j](#fig3){ref-type="fig"}), which was known to bind DNA in a sequence-specific fashion.^[@cit96]^ It was shown that echinomycin inhibits the DNA/HIF-1 interaction more potently than DNA/AP-1 or DNA/NF-κB, binding, providing evidence of selective inhibition based on recognition of DNA sequences. Dervan type polyamides,^[@cit97],[@cit98]^ which have a similar mechanism, have also been developed to modulate HIF/DNA interactions ([Fig. 3k](#fig3){ref-type="fig"}).^[@cit97]^

HIF-1α transcriptional activity
-------------------------------

Whilst inhibition of the proteasome leads to an accumulation of HIF-1α, the HIF-1α that accumulates is transcriptionally inactive.^[@cit99]^ A proteasome inhibitor, bortezomib ([Fig. 3l](#fig3){ref-type="fig"}), has been FDA approved for treatment of numerous cancers. In addition to its role in proteasome inhibition bortezomib was shown to limit the HIF-1α/p300 interaction, by improving the binding of FIH to HIF-1α.^[@cit100]^

Small molecule inhibitors of HIF PPIs
=====================================

Several families of compounds have been identified which inhibit the interaction between HIF-1α and HIF-1β. Acriflavine ([Fig. 4](#fig4){ref-type="fig"}) was identified as an inhibitor of dimerization in a screen of compounds that had previously entered phase II clinical trials.^[@cit101]^ A covalent fragment screening approach also identified an allosteric small molecule inhibitor of the HIF-1α/HIF-1β PPI.^[@cit33]^

![Reported small molecule HIF-1α/p300 inhibitors.](c7sc00388a-f4){#fig4}

There have been efforts to directly disrupt the HIF-1α/p300 interaction, thus far with limited success. A natural product, chetomin, was identified as an inhibitor and shown to be effective at down-regulating HIF-controlled transcription as well as reducing tumour size in mouse models.^[@cit32]^ The epidithiodiketopiperazine (ETP) functionality contained in chetomin ([Fig. 4](#fig4){ref-type="fig"}) was subsequently shown by the Schofield group to disrupt folding of the CH-1 domain of p300, *via* zinc ejection, preventing interaction with HIF-1α.^[@cit102]^ Indeed, much simpler ETP containing compounds have been shown to be sufficient for activity.^[@cit103]^ Additional families of compounds capable of disrupting the folding of the p300 CH1 domain by zinc ejection have been identified, including ninhydrin ([Fig. 4](#fig4){ref-type="fig"}).^[@cit104]^ Compounds with zinc ejection-based mechanisms are likely to encounter issues with selectivity and toxicity, due to interactions with other zinc-binding proteins and the fact that p300 has multiple binding partners, so are unlikely to represent viable therapeutics.^[@cit102]^ Care should be taken in future screening campaigns to exclude metal binding moieties or at the very least confirm that any hits are not acting *via* this mechanism.

A small molecule called KCN-1, reported to inhibit the HIF-1α/p300 interaction, was identified through high-throughput cell-based screening of a combinatorial library,^[@cit105]^ with several SAR studies carried out in follow-up.^[@cit106]^ KCN-1 has been shown to prevent HIF-regulated expression and reduce tumour size in animal models but the exact mode of action still remains unclear.^[@cit107]^ In our hands, there was no evidence that this molecule inhibited the HIF-1α/p300 interaction in a fluorescence anisotropy competition assay.^[@cit108]^

^1^H--^15^N HSQC complexation-induced shifts were used to identify inhibitors of the ARNT/TACC3 interaction focusing on fragments that recognise the PAS-B domain (see [Fig. 1c](#fig1){ref-type="fig"} for domain structure of HIF-1β).^[@cit109]^ Of the 760 compounds tested, a number inhibited ARNT/TACC3 and gave interesting results in terms of molecular mode of action. Compound KG548 ([Fig. 5](#fig5){ref-type="fig"}) was shown to bind to a cavity on ARNT-PAS-B proximal to the TACC3 binding site resulting in competitive inhibition. Selectivity over ARNT2, BMAL-1 and HIF-2α was observed. Alpha screen and immunoprecipitation experiments in lysates of HEK 293T cells indicated the compounds could act as a competitive inhibitor of the protein--protein interaction in a dose dependent manner, albeit with limited potency (IC~50~ ∼25 μM). From the same screening workflow, the authors identified a further compound KHS101 ([Fig. 5](#fig5){ref-type="fig"}); *in vitro* pull down and ^1^H--^15^N HSQC were indicative of the compound not binding directly to ARNT-PAS-B or acting as a competitive inhibitor. Pulse chase experiments using cycloheximide (CHX) as a translation inhibitor established that KHS101 acts to destabilize TACC3.

![Small molecule modulators of ARNT/TACC3 interaction.](c7sc00388a-f5){#fig5}

In a related manner, the PAS-B domain from HIF-2α has been shown to be amenable to small molecule binding and consequently allosteric regulation. The PAS domain contains a relatively large (290 Å^3^) preformed cavity that can bind ligands, identified using solution NMR-based screening of a fragment library (∼800 compounds);^[@cit35]^ however the hit compounds identified exhibited only modest inhibition of PAS--PAS interactions. A high throughput *in vitro* screen was thus developed that allowed screening of \>200 000 compounds and resulted in the identification of 70 candidate HIF-2α/ARNT inhibitors which following optimisation resulted in a compound ([Fig. 6a](#fig6){ref-type="fig"}) with HIF-2α-PAS B affinity of *K* ~d~ = 81 nM.^[@cit37]^ X-ray ([Fig. 6b](#fig6){ref-type="fig"}) and NMR studies have established that binding of this ligand to the PAS-B domain results in conformational changes to the PAS-B domain that changes the ARNT binding β-sheet surface of the HIF-2α PAS-B domain. The ligand has been shown to selectively disrupt the HIF-2 heterodimerization selectively over HIF-1 and inhibit HIF-2 assembly in cells, retarding DNA-binding activity and reducing HIF-2 target gene expression. Medicinal chemistry efforts have developed understanding of the SAR surrounding this compound class.^[@cit36],[@cit40]^ Subsequently this inhibitor class ([Fig. 6c](#fig6){ref-type="fig"}) has been used to validate HIF-2 as a viable cancer target in renal cell cancer models.^[@cit38],[@cit39],[@cit110]^

![HIF-2 heterodimerization inhibitors (a) structure of a HIF-2α-PAS B ligand able to inhibit dimerization with ARNT PAS B through an allosteric mechanism (b) structure (PDB ID 4GHI) of compound shown in (a) (orange) bound to HIF-2α-PAS B (green), the arrow points to the β-sheet distal to the site of small molecule binding where HSQC shifts were observed and used to rationalise inhibition of heterdimerization with ARNT (c) compounds used to validate HIF-2 as a target in renal cancers.](c7sc00388a-f6){#fig6}

Identification of hits against HIF PPIs using biological selection methods
==========================================================================

Dimerization of HIF-1α and HIF-1β is critical for both transcriptional activity and DNA binding and therefore has been described as an optimal point of interception. The Tavassoli group used a genetically encoded HTS platform for the identification of cyclic peptides that are able to disrupt the dimerization. Using a HIF-1 bacterial reverse two-hybrid system and a plasmid-encoded split intein circular ligation of peptides and proteins (SICLOPPS)^[@cit111]^ library of 3.2 million cyclic hexapeptides, a cyclic peptide -- cyclo-CLLFVY -- was identified ([Fig. 7a](#fig7){ref-type="fig"}).^[@cit112]^ The compound was tested *in vitro* and in cells (using a luciferase reporter assay) and was shown to disrupt HIF-1 dimerization by binding the PAS-B domain of HIF-1α. With a *K* ~d~ of 124 (±23) nM. The compound was shown to be capable of inhibition of HIF-1α/HIF-1β in MCF-7 and U2OS cells as evidenced by a proximity ligation assay and resulted in a reduction in hypoxia mediated VEGF expression. No evidence for inhibition of HIF-2 was observed. The conditional expression of cyclo-CLLFVY in a human cell line has recently been reported.^[@cit113]^

![Structures of peptide and protein derived modulators of HIF PPIs identified using selection methods (a) cyclic peptide inhibitor of HIF-1α/HIF-1β dimerization identified using SICLOPPS (b) FITC functionalized p300 binding peptides identified by phage display (c) X-ray structure of p300 binding Affimer (cyan with binding loops in orange) PDB ID: 5A0O.](c7sc00388a-f7){#fig7}

Our group used phage displayed Affimers to identify peptide-based inhibitors of HIF-1α/p300.^[@cit65]^ Using biotin-tagged p300 (obtained through sortase-mediated N-terminal labelling).^[@cit114]^ A N.E.B.^[@cit115]--[@cit117]^ phage library was used to identify binders with next generation sequencing using the Illumina platform,^[@cit118]^ demonstrating enrichment over three panning rounds. Three peptides ([Fig. 7b](#fig7){ref-type="fig"}) were selected for synthesis: VHWDFRQWWQPS, SGVYKVAYDWQH and ATNLFKS, each of which was labelled with fluorescein and tested for interaction with p300 in a fluorescence anisotropy assay; the highest affinity peptide was VHWDFRQWWQPS with an affinity of 20.67 (±3.17) μM. ^1^H--^15^N HSQC experiments were performed to locate the binding site of the phage display-derived peptide on p300 -- these indicated that VHWDFRQWWQPS may bind towards the top of the helix 3 binding pocket. A reduction in binding affinity for the p300 variants L47M and I71M corroborated this observation. The second phage display experiment used non-antibody binding proteins presented on the surface of the phage. These Affimers are derived from a phytostatin consensus sequence and exhibit enhanced properties for biotechnology *e.g.* soluble and easy to express in *E. coli*.^[@cit119]^ The Affimer scaffold has two randomised loops of 9 residues for recognising protein targets ([Fig. 7c](#fig7){ref-type="fig"}). Following panning, three Affimers were identified that exhibited low μM IC~50~ values in fluorescence anisotropy competition assays and nM *K* ~d~ as demonstrated in BLitzt (For - teBio) assays. Docking analyses suggested the Affimer, similarly to the phage derived peptides, bound p300 in the HIF-1α helix-3 binding cleft. The similar binding sites proposed for both the phage peptides and Affimers may suggest this is a crucial region for inhibitor design/targeting.

Designed inhibitors of HIF PPIs -- peptide, peptidomimetics and proteomimetics
==============================================================================

In 2010, work by the Arora group reduced the size of the HIF-1α/p300 interaction interface by focusing on one of the two key helices.^[@cit120]^ An ITC binding experiment between the CH1 domain of p300 and C-TAD HIF-1α~799~Ac-TAADCEYNAR~804~ which corresponds to the helix 2 region; encompassing the binding residues Cys800 and Asn803 established this short peptide region had a binding affinity to p300 of 825 nM. Short peptides do not typically retain their folded conformation once excised from the protein environment. To stabilize this helical region Arora\'s team utilized the hydrogen bond surrogate (HBS) approach ([Fig. 8](#fig8){ref-type="fig"}).^[@cit121]^ Three hydrogen bond surrogates (one negative control) were synthesized and CD used to show all 3 adopted a more helical conformation than the unconstrained peptide. The most potent ligand for p300 had a binding affinity of *K* ~d~ = 420 nM as shown by ITC. The potential for the HBSs to down-regulate the HIF-1α induced transcription of VEGF gene in HeLa cells under hypoxic conditions was assessed by real-time quantitative polymerase chain reactions (qRT-PCR), the most potent HBS stabilized peptide showed a comparable level of transcriptional inhibition to chetomin (positive control). Further analysis indicated that the constrained peptide did not disrupt the interaction by denaturation of p300 in the same way as has been shown with chetomin whilst a cell viability assay demonstrated that the constrained peptide does not display significant cytotoxicity.

![Hydrogen-bond surrogate constrained peptides that mimic helix 2 and 3 of HIF-1α as inhibitors of the HIF-1α/p300 interaction.](c7sc00388a-f8){#fig8}

Subsequent work by the Arora group focused on the helix 3 region ([Fig. 8](#fig8){ref-type="fig"}).^[@cit69]^ A computational alanine scan was conducted which suggested that Leu822, Asp823 and Gln824 were key binding residues and Leu819 less important. HBS peptides were prepared based on the sequence ELARALDQ, ensuring these three residues were retained (Leu822, Asp823 and Gln824): the constrained variant was expected to have the highest potency, whilst a constrained peptide bearing a point mutation to a key binding residue (Leu822--Ala822), was expected to bind with a lower affinity acting as a negative control and finally the unconstrained peptide was evaluated to permit the effect of helix stabilisation to be determined. The constrained peptides were shown to have enhanced helicity in comparison to the unconstrained peptide as shown by circular dichroism, whilst the affinity of the designed inhibitor as measured by tryptophan fluorescence spectroscopy, was impressive (*K* ~d~ = 690 ± 25 nM), in comparison to the point mutant (negative control with point mutation, *K* ~d~ = 2820 ± 140 nM) and the unconstrained analogue, *K* ~d~ = 6060 ± 320 nM. Evidence for binding in the helix 3 binding pocket was obtained from HSQC NMR experiments, with prominent shifts occurring for residues around the helix 3 binding site, including Trp403, whilst inhibition of HIF-1α/p300 was demonstrated using a fluorescence polarisation competition assay (*K* ~i~ = 1.2 μM). A luciferase-based reporter gene system was used to demonstrate down-regulation of hypoxia-inducible promoter activity *in cellulo* resulting in 25% reduced luciferase expression at 50 μM HBS-1. The ability of HBS-1 to inhibit hypoxia-induced transcription of target genes (VEGFA, SLC2A1/GLUT-1, and LOX) was evaluated using qRT-PCR assays. These demonstrated that HBS-1 reduced expression levels of these proteins in a dose dependent manner. HBS-1 was retained in plasma at much higher concentrations compared with the unconstrained peptide suggesting that the internally constrained structure of HBS-1 impacts favourably on serum stability and finally, a mouse xenograft tumour model was used to assess the *in vivo* efficacy of HBS-1 with promising results. Throughout the course of the treatment and at the experiment endpoint, mice treated with HBS 1 had smaller tumours with median tumour volume reduction of 53% compared with the mice from the control group.

In 2014, our group employed a proteomimetic approach to identify inhibitors of the HIF-1α/p300 interaction, based on a trimeric 3-*O*-alkylated aromatic oligoamide ([Fig. 9a](#fig9){ref-type="fig"}).^[@cit108]^ This scaffold has been designed to project the alkoxy group in such a manner as to reproduce the 3D spatial and angular projection of side chains from the *i*, *i* + 4 and *i* + 7 positions of a peptide adopting an α-helical conformation.^[@cit122]^ The scaffold is amenable to solid-phase synthesis and had previously been used to construct p53/*h*DM2 inhibitors.^[@cit123],[@cit124]^ In our first study helix 3 of HIF-1α was selected for mimicry; scaffolds with R1 = R2 = isobutyl, R3 = isopropyl (and the reverse sequence) were designed based on the previously annotated hot-spot residues. The best of these compounds was shown to act as a competitive inhibitor of HIF-1α/p300 in a fluorescence anisotropy assay (IC~50~ = 9.2 μM). A limited SAR study highlighted the need to have appropriate sides chains. Smaller and hydrophilic side-chains in any position abrogated binding as did the introduction of larger side chains (*e.g.* benzyl). The nature of the scaffold was also shown to be important: using an *N*-alkylated scaffold (also introduced previously by our group)^[@cit125]^ functionalized with identical side chains, no inhibition was observed. Finally, the compound was shown to be selective over another helix mediated PPI; the eIF4E/eIF4G interaction.^[@cit126]^ Subsequently our group applied this approach to the design of dimeric 3-*O*-alkylated aromatic oligoamide mimetics of the helix 2 sequence ([Fig. 9a](#fig9){ref-type="fig"}),^[@cit127]^ however these compounds did not act as inhibitors in fluorescence competition anisotropy assays.

![Helix mimetics as inhibitors of the HIF-1α/p300 interaction (a) aromatic oligoamide helix mimetics of helix 1 and 2 (b) "bionic" protein approach for HIF-1α/p300 interaction whereby a segment of HIF-1α is replaced with an aromatic oligoamide helix mimetic leading to comparable affinity to the peptide sequence and superior selectivity to the aromatic oligoamide helix mimetic for the hybrid (c) oxopiperazine helix mimetics of HIF-1α helix 3.](c7sc00388a-f9){#fig9}

Although our original study indicated some selectivity for the HIF-1α/p300 interaction, selectivity was moderate, with some inhibition of p53/*h*DM2 being observed. To circumvent this deficiency we created hybrid structures comprising a peptide segment (from helix 2 of HIF-1α) and the original proteomimetic compound (mimicking helix 3 of HIF-1α) in an approach we referred to as a "bionic protein".^[@cit128]^ Although the potency of the hybrid was slightly diminished, it was comparable in potency to the helix~2--3~ peptide sequence upon which it was based and crucially the p53/*h*DM2 inhibition was diminished to a greater extent thus improving selectivity. This is also the first example of functionally indistinguishable incorporation of a topographical helix mimetic into a peptide sequence.

Simultaneously to our 2014 study, the Arora group reported on the use of an oxopiperazine helix mimetic (OHMs) scaffold to target the HIF-1α helix 3 binding site on p300.^[@cit70],[@cit129]^ OHMs are assembled from naturally occurring amino acids with the nitrogen atoms of neighbouring backbone amides constrained with ethylene bridges providing a non-peptidic chiral scaffold that displays protein-like functionality as the bridges confine the side chain groups in orientations that mimic α-helices. Molecular modelling indicated that the low-energy conformation of the oxopiperazine scaffold presents side chain functionality to mimic the arrangement of the *i*, *i* + 4, and the *i* + 6/*i* + 7 residues on α-helices. Moreover, the chiral backbone of the oxopiperazine is expected to promote more effective and higher specificity binding to protein targets. Three of the key binding residues, Leu818, Leu822, and Gln824, were expected to be mimicked by oxopiperazine and four analogues were designed and synthesised to test this hypothesis ([Fig. 9c](#fig9){ref-type="fig"}), OHM-1 bears side chains representing all three key residues from HIF-1α: R1 as Leu818, R2 as Leu822, and R4 as Gln824. As the R3 position of the oxopiperazine scaffold was not predicted to make contacts with the target protein; an alanine residue was inserted at this position. OHMs 2 and 3 are single mutants of OHM-1 with R4 and R2 positions, respectively, substituted with alanine residues, whilst OHM-4 bears only alanine mimicking side chains. Intrinsic tryptophan fluorescence spectroscopy was used to measure binding affinity to the p300 CH1 domain. OHM-1, mimicking all three key side chains had the highest affinity of the OHMs whereas the remaining three mimetics all had lower affinity for p300 as expected. NMR was used to further characterise the binding; concentration-dependent shifts of several residues were observed upon addition of OHM-1, consistent with binding to the helix 3 region of p300. A luciferase-based reporter assay indicated dose-dependent reduction in the promoter activity, whilst the ability of OHMs to inhibit transcription of three selected HIF target genes, VEGFA, LOX, and GLUT1, was assessed using qRT-PCR assays in A549 cells. OHM1 at 10 μM down-regulated the mRNA expression levels of the critical angiogenesis regulator vascular endothelial growth factor (VEGFA) by 80%. In comparison, control compounds had no effect on VEGFA mRNA levels at these concentrations. Similar levels of decrease were observed for lysyl oxidase (LOX) and glucose transporter 1 (GLUT1) expression. Finally, the ability of OHM-1 to reduce the tumour growth rate in a mouse xenograft models was assessed; the treated group had a smaller median tumour volume (103 mm^3^) compared with the control group (186 mm^3^). This indicated that OMH-1, a mimetic of the helix 3 region of HIF-1α, is a potential cancer therapeutic.

Conclusions
===========

HIF represents an attractive and promising target in tumour metabolism. A number of successful approaches have been developed to modulate the supply of HIF upstream of its functional interactions, however these are regulated through protein--protein interactions (PPIs) making HIF a challenging target for molecular inhibition. Direct inhibition of HIF PPIs will allow the role of individual interactions within hypoxic signalling to be unpicked and may in the long term lead to bespoke cancer therapies. HIF PPIs are structurally more diverse, larger and complex than those PPI targets that have now become established as "ligandable" using small molecules (*e.g. h*DM2 and Bcl-2 family) as evidenced by the relatively high concentrations required for activity in many cases.

Crystal structures of key PPIs would facilitate chemical probe development as has been amply demonstrated for the HIF-2α PAS domain. Clearly, a crystal structure of the HIF-1α/p300 complex would allow additional efforts towards rational design but this complex has proven recalcitrant to crystallography, resisting significant efforts in both our laboratories and others. Our biological selection results appear to highlight a particular region of p300, confirmed by mutational analysis, which may prove important in future inhibitor design. Additionally, the recent work of Berlow *et al.* showing a CITED induced HIF-1 de-complexation from p300 ([@cit130]) may lead to the identification of a potential allosteric site which weakens the interaction between HIF-1α and p300.

Despite these difficulties considerable progress has been made in harnessing both conventional drug discovery methodologies together with novel biological ligand selection tools and small molecule design strategies to identify inhibitors of a number of HIF PPIs (as shown in [Table 2](#tab2){ref-type="table"} and additional recent reviews).^[@cit131]^ What is evident however, is that higher affinity ligands are required and with more desirable properties; indeed a number of those HIF-1 modulators discovered to date incorporate michael acceptors, fluorescent dyes *etc.* that would arouse concern amongst medicinal chemists particularly in the context of PAINS.^[@cit132]^

###### Selected examples of HIF modulators. Errors are given where available

  Ligand                   Target                      Potency                     Ref.
  ------------------------ --------------------------- --------------------------- -----------
  EZN-2698                 mRNA                        IC~50~ = 1--5 nM            [@cit75]
  Topotecan                Topoisomerase I             IC~50~ = 11 ± 1.3 μM        [@cit76]
  EZN-2208                 Topoisomerase I             IC~50~ = 0.5 ± 0.3 μM       [@cit78]
  Digoxin                  HIF-1α protein expression   IC~50~ = 50 nm              [@cit79]
  PX-478                   HIF-1α protein expression   IC~50~ = 20 ± 2 μM          [@cit80]
  DMOG                     PHD2                        IC~50~ = 9.3 μM             [@cit82]
  FG-2216                  PHD2                        IC~50~ = 0.3 μM             [@cit85]
  Geldanamycin             HSP90                       *K* ~d~ = 1.21 μM           [@cit88]
  Ganetespib               HSP90                       IC~50~ = 4 nM               [@cit90]
  Echinomycin              HRE                         IC~50~ = 1.2 nM             [@cit96]
  Acriflavine              HIF-1α/β                    IC~50~ = 1 μM               [@cit101]
  Chetomin                 Zinc ejection               IC~50~ = 6.8 μM             [@cit32]
  Ninhydrin                Zinc ejection               IC~50~ = 1.93 ± 0.97 μM     [@cit104]
  KCN-1                    HIF-1α/p300                 IC~50~ = 0.65 ± 0.09 μM     [@cit105]
  KG548                    ARNT/TACC3                  IC~50~ = 25 μM              [@cit109]
  KHS101                   ARNT                        IC~50~ \< 5 μM              [@cit109]
  cyclo-CLLFVY             HIF-1α/β                    *K* ~d~ = 124 ± 23 nM       [@cit112]
  Phage display peptides   p300                        *K* ~d~ = 20.67 ± 3.17 μM   [@cit65]
  Phage display Affimers   p300                        *K* ~d~ = 157 nM            [@cit65]
  HBS peptide helix 2      p300                        *K* ~d~ = 420 ± 35 nM       [@cit121]
  HBS peptide helix 3      p300                        *K* ~d~ = 690 ± 25 nM       [@cit74]
  Oligoamide 1             p300                        IC~50~ = 9.2 ± 0.9 μM       [@cit108]
  OHM-1                    p300                        *K* ~d~ = 420 nM            [@cit70]

On a more positive note, the identification of HIF-2 allosteric inhibitors has validated this as a target in renal cancer, whilst HIF-1α/p300 helix mimetics have been shown to act in mouse tumour models. These examples highlight a promising future for further investigation in this area. We envision that as the field progresses, more potent and drug like compounds will become available for many of the other PPIs discussed above.
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